Abstract. The molecular mechanisms underlying protection and pathogenesis in spinal degenerative diseases remain unclear. Tumor necrosis factor-α (TNF-α) has been demonstrated to induce apoptosis of inte rvertebral disc (IVD) cells during IVD degeneration, and 17β-estradiol (17β-E2) has a protective effect against IVD cell apoptosis. However, the underlying molecular mechanism by which 17β-E2 protects nucleus pulposus (NP) cells remains to be investigated. The aim of the present study was to evaluate whether 17β-E2 modulates apoptosis of human NP cells induced by TNF-α. In addition, the concentration-response effect of 17β-E2 on human NP cells was investigated. Human NP cells were cultured in complete medium, which was replaced every three days until the culture was ~80% confluent. Cells were treated with 100 ng/ml TNF-α for 48 h, with or without pretreatment with various concentrations of 17β-E2, and ICI 182,780, for 30 min. Morphologic alterations characteristic of apoptosis were observed by inverted phase-contrast microscopy and Hoechst 33258 staining; the apoptosis rate was analyzed by flow cytometry. A Cell Counting kit-8 assay was used to assess cell proliferation. Furthermore, caspase-3 activity was determined and proteins associated with apoptosis were analyzed by western blotting. The level of apoptosis and caspase-3 activity in human NP cells increased, whereas proliferation and the expression of poly ADP-ribose polymerase decreased following TNF-α treatment. These effects of TNF-α were abolished by pretreatment with 17β-E2 in a concentration-dependent manner. The results of the present study indicated that 17β-E2 serves a critical role in the survival of degenerative human NP cells.
Introduction
The intervertebral disc (IVD) consists of three distinct sections: The outer annulus fibrosus (AF) which contains abundant type I collagens; the inner nucleus pulposus (NP) which is a gelatinous substance containing type II collagen and proteoglycans; and the cartilage end plates that connect the adjacent vertebral bodies (1-3). With age, morphological and molecular alterations in the IVD may induce progressive degeneration and pathologic alterations of this tissue (4) . IVD degeneration may eventually result in conditions including disc herniation, facet joint osteoarthritis, spinal canal stenosis, segmental instability and spondylolisthesis. The mechanisms underlying IVD degeneration are considered to be associated with decreased cell viability and adhesion, reduced diffusion of nutrients and proteoglycan synthesis (5, 6) . Accelerated aging of the IVD due to abnormal apoptosis of IVD cells is a primary cytological process (7) (8) (9) , and apoptosis of IVD cells serves a key role in the process of IVD degeneration.
Tumor necrosis factor (TNF)-α is an important member of the TNF superfamily, and is involved in immunity, cellular remodeling, apoptosis and cell survival (10) . It acts primarily via TNF receptor-1 to induce apoptosis by activating caspases through mitochondria-dependent and -independent pathways (11) . In addition to secretion by infiltrating immune cells, resident NP and AF cells produce high levels of TNF-α and interleukin (IL)-1β to promote inflammation (12) (13) (14) . TNF-α has been confirmed to have a central role in degenerative osteoarthropathy (15) . Additionally, it has been reported that TNF-α may induce apoptosis of NP cells in vitro (16) . Furthermore, TNF-α released during the inflammatory process induced by the herniated IVD serves a fundamental role in the development of mechanical and thermal hyperalgesia (16) (17) (18) . The inhibition of TNF-α-induced abnormal apoptosis of human NP cells may delay the degeneration of the IVD, preventing degenerative scoliosis and other spinal degenerative diseases.
17β-estradiol (17β-E2) has been extensively investigated due to its anti-apoptotic activity (19) (20) (21) (22) . Bozzo et al (23) reported that 17β-E2 protects nerve cells from β-amyloid peptide-induced apoptosis, and that 17β-E2 exerts anti-apoptotic effects by upregulating the expression of essential cell membrane components including α1β1 integrin, and affecting cell cycle progression. In addition, 17β-E2 has been reported to inhibit caspase-3/9 activity and increase B-cell lymphoma 2, cyclin D1 and survivin expression (24) (25) (26) . Wang et al (6) and Yang et al (22) demonstrated that 17β-E2 protects rat IVD cells from apoptosis induced by IL-1β and levofloxacin. However, whether 17β-E2 inhibits TNF-α-induced apoptosis in human NP cells, and the concentration-response effect of 17β-E2 on TNF-α-induced human NP cell apoptosis, remains unclear.
Therefore, the aim of the present study was to investigate whether 17β-E2 modulates apoptosis induced by TNF-α in human NP cells, the concentration-response effect and whether 17β-E2 exerts protective effects via the caspase-3/poly (ADP-ribose) polymerase (PARP) pathway. Initiation of human NP cell culture. The purchased cryopreserved human NP cells were originally isolated from the NP of human IVD. NPCM (500 ml) was supplemented with 10 ml FBS, 5 ml NP Cell Growth Supplement and 5 ml penicillin/streptomycin solution (P/S) to make complete human NP cell medium prior to cell recovery. Subsequently, cells were thawed in their original vials in a 37˚C water bath and placed in a 50-ml culture flask containing 15 ml complete HNPC as soon as possible and with minimal handling. Cells were cultured in a humidified atmosphere of 5% CO 2 at 37˚C. The culture medium was replaced with fresh the next day to remove residual dimethyl sulfoxide and non-adherent cells. The medium was replaced every three days thereafter. Once the culture reached 70% confluence, the medium was replaced every other day until the culture was ~90% confluent.
Materials and methods

Reagents
Subculture and drug treatment. When the culture reached ≥90% confluence, the cells were digested, plated into appropriate culture plates and cultured as described in the previous section. When the culture reached 80-90% confluence, cells were washed twice with PBS and the medium was replaced with DMEM/F-12 without phenol red, FBS and P/S. Cells were divided into 7 groups according to treatment, the conditions of which are listed in Table I . All groups were incubated for 48 h in serum-free medium without phenol red.
Morphological observations. Human NP cells were plated in 6-well plates at a density of 2x10 5 cells/well in NPCM. A total of 48 h after treatment, the apoptotic morphological alterations in the human NP cells were observed under an inverted phase-contrast microscope (Olympus Corporation, Tokyo, Japan) and imaged using a digital camera (Nikon Corporation, Tokyo, Japan). Cells were subsequently washed twice with PBS and stained with Hoechst 33258 staining solution according to the manufacturer's protocol. Stained nuclei were detected under a fluorescence microscope (Olympus Corporation) with an excitation wavelength of 350 nm and an emission wavelength of 460 nm.
Proliferation assay. The effects of 17β-E2 on cell viability and proliferation were evaluated using CCK-8. Human NP cells were seeded into 96-well plates at a density of 2x10 4 cells/well (100 µl/well). Following treatment for 48 h, 10 µl CCK-8 solution was added to each well of the plate, and the plates were incubated for an additional 3 h in a 5% CO 2 incubator at 37˚C. The proliferation of cells was measured using a microplate reader at a wavelength of 450 nm.
Caspase-3 activity assay. Caspase-3 activity was measured using a Caspase-3 Activity kit, which measures the conversion by caspase-3 of N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide into a yellow formazan product, p-nitroaniline. Human NP cells were cultured in 6-well plates as aforementioned, and the assay was performed according to the manufacturer's protocol. Briefly, the treated NP cells were washed twice with cold PBS and lysed with lysis buffer (100 µl/2x10 6 cells) for 15 min on ice. Following incubation of 10 µl cell lysates, 80 µl reaction buffer and 10 µl caspase-3 substrate (2 mM) in 96-well microtiter plates at 37˚C for 2 h, caspase-3 activity was quantified at a wavelength of 405 nm using a microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). Caspase-3 activity is expressed as the fold change in enzyme activity over control.
Flow cytometric analysis of apoptosis. Human NP cells were seeded into 6-well plates at a density of 2x10 5 cells/well and cultured as aforementioned. Following 48 h treatment, adherent cells and cells in suspension were collected and washed twice with cold PBS. Apoptotic cells were detected by staining with annexin V-FITC and PI according to the manufacturer's protocol. Briefly, cells were resuspended in 100 µl 1X binding buffer at a concentration of 1x10 6 cells/ml, and 100 µl (1x10 5 cells) were transferred to 5 ml culture tubes. PI (5 µl) and 5 µl annexin V-FITC was added to each tube and incubated for 15 min at room temperature in the dark, followed by addition of 400 ml 1X binding buffer. Samples were analyzed on a flow cytometer (BD Biosciences) with CellQuest software (version 5.2, BD Biosciences).
Western blot analysis. Protein expression levels of PARP and caspase-3 were determined by western blot analysis. Cells were incubated in 100 µl lysis buffer containing 1% protease inhibitors. The cell lysate was collected by centrifugation at 4˚C for 10 min at 16,000 x g. The protein concentrations were determined using a Bicinchoninic Acid Protein assay kit (Beyotime Institute of Biotechnology). Proteins (50 µg) from each sample were separated on 12% SDS-polyacrylamide gels according to molecular weight and transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked with 5% non-fat milk powder in TBS for 1 h at room temperature and incubated with primary antibodies against caspase-3 p17 (#9664; rabbit; 1:1,000), PARP (#9532; rabbit; 1:1,000) (both from Cell Signaling Technology, Inc., Danvers, MA, USA), and GAPDH (10494-1-AP; rabbit; 1:5,000; Wuhan Sanying Biotechnology, Wuhan, China) diluted in 5% non-fat milk powder in PBS containing Tween 20 (PBST) at 4˚C overnight. Membranes were washed 3 times for 15 min in PBST and incubated with a peroxidase labeled anti-rabbit IgG (H+L) antibody (074-1506; goat; 1:1,000; KPL, Inc., Gaithersburg, MD, USA) with agitation for 1 h at room temperature. Following washing 3 times for 15 min with PBST, protein bads were detected using Enhanced Chemiluminescence reagent (Amercontrol Biosciences, San Francisco, CA, USA) and quantified with Quantity One imaging software version 4.6.2 (Bio-Rad Laboratories, Inc.).
Statistical analysis. Statistical analyses were performed using SPSS software version 16.0 (SPSS, Inc., Chicago, IL, USA). Data are presented as the mean ± standard deviation. Groups were compared by one-way analysis of variance followed by pairwise comparison using the Student-Newman-Keuls post hoc test. All statistical tests were two-sided. P<0.01 was considered to indicate a statistically significant difference.
Results
Morphology of apoptotic human NP cells.
The morphological characteristics of human NP cells were observed using inverted phase-contrast microscopy ( Fig. 1) . Cell nuclei were stained using Hoechst 33258 and detected under a fluorescence microscope with an excitation wavelength of 350 nm and an emission wavelength of 460 nm (Fig. 2) . Control untreated cells were well-adhered, exhibiting typical human NP cell morphology. By contrast, treatment with TNF-α induced apoptosis, as demonstrated by detachment from the plate, cell shrinkage, and nuclei that were compact, condensed and brightly stained with Hoechst 33258. Following pretreatment with various concentrations of 17β-E2, the number of apoptotic cells markedly decreased compared with those treated with TNF-α only. The effect of 17β-E2 was blocked by the estrogen receptor (ER) antagonist ICI 182,780.
17β-E2 promotes proliferation of human NP cells damaged by TNF-α.
The effect of 17β-E2 on proliferation of human NP cells was detected by CCK-8 assay. As presented in Fig. 3 , TNF-α inhibited the proliferation of human NP cells (P<0.001). This effect was abrogated when the cells were pretreated with 17β-E2 (P<0.001). The effect of 17β-E2 was blocked by ICI 182,780 (P<0.001). 17β-E2 inhibited the effect of TNF-α in a concentration-dependent manner.
17β-E2 reduces caspase-3 activity. The effect of 17β-E2 on caspase-3 activity in human NP cells was measured using a caspase-3 activity assay. As presented in Fig. 4 , the caspase-3 activity of cells treated with TNF-α alone was 5-fold greater compared with the control untreated group (P<0.001). However, cells pretreated with 17β-E2 demonstrated reduced caspase-3 activity compared with cells treated with TNF-α only; the effect of 17β-E2 was concentration-dependent. The effect of pretreatment with 10 µmol/l 17β-E2 for 30 min was similar to pretreatment with 20 µmol/l Z-DEVD-FMK (a specific, irreversible caspase-3 inhibitor) for 2 h (P>0.05). Addition of the ER antagonist ICI 182,780 abolished the protective effects of 17β-E2 (P<0.001).
17β-E2 reduces TNF-α-induced human NP cell apoptosis.
The effect of 17β-E2 on apoptosis of human NP cells was examined by flow cytometry following annexin V-FITC and PI double staining. The apoptotic rate is presented as apoptotic cells in the experimental group/apoptotic cells in the control group. As presented in Fig. 5 , an increase in the apoptotic rate was observed following treatment with TNF-α. Pretreatment with 17β-E2 significantly decreased the rate of apoptosis in a concentration-dependent manner compared with cells treated with TNF-α only (P<0.001). Addition of the ER antagonist ICI 182,780 blocked the effect of 17β-E2 on TNF-α treatment, further demonstrating the potential contribution of 17β-E2 to TNF-α-induced human NP cell apoptosis. Western blot analysis. Human NP cells were divided into the following four groups: Control untreated, 100 ng/ml TNF-α, 100 ng/ml TNF-α following pretreatment with 10 µmol/l 17β-E2 for 30 min and 100 ng/ml TNF-α following pretreatment with 10 µmol/l 17β-E2 and 10 µmol/l ICI 182,780 for 30 min. Following treatment, protein expression levels of PARP, caspase-3p17 and GAPDH were determined by western blot analysis. Caspase-3p17 protein expression levels were increased in human NP cells following treatment with TNF-α compared with the control cells (P<0.001); this increased was inhibited by pretreatment with 17β-E2 (P<0.001). By contrast, PARP protein expression levels were decreased in Human NP cells treated with (B) 100 ng/ml TNF-α, (C) 100 ng/ml TNF-α following pretreatment with 0.1 µmol/l 17β-E2, (D) 100 ng/ml TNF-α following pretreatment with 1 µmol/l 17β-E2, (E) 100 ng/ml TNF-α following pretreatment with 10 µmol/l 17β-E2 and (F) 100 ng/ml TNF-α following pretreatment with 10 µmol/l 17β-E2 and 10 µmol/l ICI 182,780. The nuclei of living cells were a homogeneous blue, whereas apoptotic nuclei were compact, condensed and brightly stained with Hoechst 33258. Original magnification, x200. NP, nucleus pulposus; TNF-α, tumor necrosis factor-α; 17β-E2, 17β-estradiol.
cells subjected to TNF-α treatment (P<0.001); this decrease was abrogated by pretreatment with 17β-E2 (P<0.001). These effects of 17β-E2 were blocked by ICI 182,780 treatment (P<0.001; Fig. 6 ).
Discussion
One of the primary causes of spinal degeneration is IVD degeneration. Apoptosis of NP cells and the loss of ECM are the central features of the aged and degenerated IVD (7, 8, 27, 28) . Gruber et al (29) reported that the ER gene is expressed in human IVD cells in vivo and in vitro, and further demonstrated that 17β-E2 significantly increased proliferation of annulus cells. Previous studies have revealed that TNF-α may induce NP cell apoptosis (16, 30) , and various in vitro studies have demonstrated that 17β-E2 protects against apoptosis in IVD cells (6, 22, 24) . Therefore, the hypothesis of the present study was that 17β-E2 would attenuate TNF-α-induced apoptosis in human NP cells.
The results of the present study suggested that 17β-E2 abolished TNF-α-induced apoptosis in human NP cells by increasing proliferation and reducing apoptosis. A CCK-8 assay revealed that 17β-E2 enhanced the proliferative capacity of human NP cells. Morphological observations and flow cytometric analysis demonstrated that TNF-α-induced apoptosis in human NP cells was prevented by 17β-E2. Western blot analysis was used to detect alterations in the protein expression levels of PARP and caspase-3 in human NP cells. Caspase-3 is a crucial executioner protease, which activates a caspase-activated DNase and serves an important role in apoptosis (27, (31) (32) (33) . Previous studies have reported that caspase-3 may be a therapeutic target for regulation of IVD degeneration (34) . Pro-caspase-3 may be sheared into two fragments, p17 and p10, upon activation. The protein expression levels of caspase-3 p17 are positively correlated with caspase-3 activity. PARP is a substrate of caspase-3, which may trigger inflammation and cell death (35) . Shakibaei et al (36) demonstrated that the cleavage of PARP was activated in vitro in apoptotic human articular chondrocytes.
The present study investigated whether 17β-E2 inhibited human NP cell apoptosis induced by TNF-α. Estrogen has positive effects on bone structure, chondrocyte and nerve cells. Various recent studies have revealed the anti-apoptotic effect of 17β-E2 in rat IVD cells (6, 22, 37) . However, whether 17β-E2 may prevent TNF-α-induced apoptosis in human NP cells remains to be investigated. In the present study, human NP cells were used to provide an environment approaching the physiological state for the in vitro test of the effect of 17β-E2 on human NP. Phenol red may increase cell proliferation (38) ; therefore, medium without phenol red was used in the present study.
IVD degeneration is demonstrated by alterations in cell proliferation and cell matrix metabolism, which includes inhibition of nuclear proteoglycan synthesis and enhanced matrix degradation. IVD cells have been reported to produce inflammatory cytokines, including IL-1β, IL-6, TNF-α, matrix metalloproteinases (MMPs), nitric oxide and prostaglandin E2 (39) . As an important inflammatory molecule, TNF-α may induce the cellular and matrix alterations of IVD degeneration (30) , and activate crosstalk between signaling pathways including nuclear factor-κB and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) (40, 41) .
The mechanism underlying the protection of 17β-E2 against TNF-α-induced apoptosis in human NP cells is complex. Various potential mechanisms may be involved in the anti-apoptotic effect of 17β-E2 in human NP cells. Firstly, integrin production was induced in NP cells by 17β-E2. It has been reported that 17β-E2 may protect rat IVD cells by upregulating integrin α and β (22, 42) . Secondly, 17β-E2 may inhibit human NP cell apoptosis via the mitochondrial pathway. Yang et al (43) demonstrated that 17β-E2 protects against apoptosis by downregulating MMP-3 and -13 via a mitochondrial pathway in rat NP cells. Finally, the PI3K/Akt signaling pathway may be involved in the effect of 17β-E2. A further study by Yang et al (37) revealed that 17β-E2 protects against apoptosis via the activation of PI3K/Akt signaling pathway. This signaling pathway is associated with cell migration and invasion (44, 45) .
The present study investigated the effect of 17β-E2 on human NP cells; however, the findings of the present study are limited. The results of the present study were used as preliminary data for our subsequent study, which demonstrated that 17β-E2 inhibits TNF-α-induced apoptosis in human NP cells via the PI3K/Akt pathway (46) . Further signaling mechanisms underlying the anti-apoptotic effects of 17β-E2 in human NP cells will require further investigation. In addition, 17β-E2 is a systemic hormone, and therefore further studies are required to determine the systemic effect of 17β-E2 in humans, to assess the suitability of 17β-E2 as a therapeutic strategy for the clinical treatment of IVD degeneration.
In conclusion, the results of the present study revealed that 17β-E2 protected against TNF-α-induced apoptosis in human NP cells in a concentration-dependent manner, and that the activation of caspase-3 and inhibition of PARP may participate in this process. The ability of 17β-E2 to protect human NP cells from apoptosis was blocked by ICI 172,780, an ER antagonist. The results of the present study may present a novel route for the prevention and therapy of IVD degeneration.
